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Finding a solution to store industrial wasted heat for later use in order to reduce energy usage has been on the rise in recent years.  This paper investigates the capability of latent heat Thermal Energy Storage (TES) system using Phase Change Material (PCM) to store/release a large amount of energy in a small volume compared to sensible heat TES system. In this work, the issue of the low conductivity of PCMs has been addressed by using an embedded finned water-charged heat pipes into the PCM bulk. Both heat pipes and the PCM tank used in this investigation were made of 316L stainless steel. The PCM used in this work was PLUSICE S89, which has a melting temperature of 89°C and crystallization point of 77°C. The evaporator section of the heat pipe was heated by condensing a steam flow. The heat that was absorbed in the evaporator section was then discharged to the PCMs by the heat pipe multi-legged finned condenser. Tests were conducted for both charging (melting) and discharging (crystallization) of PLUSICE S89. It was observed that the thermal resistance posed by PCM during the discharging stage was higher compared to that during the charging process. 






An efficient and cost-effective solution is a necessity to store industrial wasted heat for later use in order to enhance the energy efficiency of industrial processes. Thermal Energy Storage (TES) has the ability to store energy for later use, improve the reliability and performance of the system and reduce the mismatch between supply and demand of the available energy sources. TES has been used extensively in most buildings in the form of a hot water storage tank. 
There are many types of TES systems and many forms that energy can be stored, such as the sensible, latent, chemical, mechanical and electrical TES systems. However, latent heat TES systems have begun to receive more and more interest, due to their large energy storage density, low storage volume and uniform temperature behaviour.

2	Thermal Energy storage (TES)




Where m is the mass of the heat storage medium (kg), Cp is the specific heat of the medium (J/kgK), Tf and Ti are the final and initial temperatures (°C), respectively, and Cap is the average specific heat for this temperature range (J/kgK) [3].






Where m is the fraction of the melted medium, Δhm is the heat of fusion per unit mass (J/kg), Tm is the melting temperature of the PCM (°C), Csp is the average specific heat between the initial and the melting temperatures (J/kgK), while Clp is the average specific heat between the melting and final temperatures (J/kgK) [3].

3	Phase change materials
The selection of a PCM is made based on its thermal, physical, kinetic and chemical properties, as well as on economic criteria. To begin with, one of the most important factors is the phase-transition temperature of the PCM, as it must comply with the operating temperature requirements of the application. Then, high latent heat and high density will reduce the actual size of the heat container, while high thermal conductivity will enhance the charging and discharging procedures of the energy storage. Moreover, the PCM should show physical and chemical stability and small volume changes during its phase transitions. It is important to eliminate any supercooling effects, as it can interfere or even stop the proper heat transfer. Finally, the cost and availability of PCMs plays a major role of their selection [7–9].

The phases that a PCM can be transformed are solid-to-solid, solid-to-liquid, solid-to-gas and liquid-to-gas. In solid-to-solid phase transitions, the only thing that changes is the internal crystalline structure of the material. Their design is quite flexible and their container requirements are less strict compare to other categories of PCMs [10]. However, they are generally considered to provide small amounts of latent heat. The solid-to-gas and liquid-to-gas on the other hand are capable of storing higher amounts of latent heat, but their volume changes as they change phase raise concerns about their container storage and potential usage in TES systems. Solid-to-liquid transition PCMs show lower latent heat storage abilities than the liquid-to-gas PCMs, but due to their minimum change in volume, they find application in TES systems [11–14].
Another classification of PCMs is based on their nature. To be more specific, PCMs can be organic (paraffins or non-paraffins), inorganic (salt hydrates or metallics) and eutectic (organic-organic, inorganic-inorganic, inorganic-organic).
Paraffins have a very wide temperature range, but due to their high cost only technical grade paraffins are used as PCMs in latent TES systems. Their chemical stability, small volume changes, low cost, predictability and non-corrosiveness are the advantages of technical paraffins. However, they show low thermal conductivity, are flammable and are not compatible with plastics, factors that minimise their application [15]. 
The majority of PCMs are non-paraffins (esters, fatty acids, alcohols and glycols), as they are characterised by a variety of properties [16].  Basically, they are flammable, with high heat of fusion, low levels of thermal conductivity, mild corrosive and potentially toxic. The main drawback of non-paraffins and especially fatty acids is their high compared to technical grade paraffins.
Salt hydrates find great application as PCMs as they combine high latent heat of fusion, high thermal conductivity and small volume changes during phase transitions. Other characteristics are non-corrosiveness, plastic compatibility and low cost [17]. The major concerns about salt hydrates are that they get supercooled and the fact that they are not totally soluble during melting, as the salt components settles at the bottom of the container and they cannot be recombined with the water molecules during solidification, which results the reduction of PCMs efficiency.
Metallics are not considered as the best choice of PCM, due to their weight. However, they show high thermal conductivity and heat of fusion per unit volume [3].
The following table presents a list of some of the most promising PCMs.
4	latent tes systems
PCMs are capable of only storing the thermal energy; in order to transfer this energy from the source to the PCM and from the PCM to the load a heat transfer medium combined with a heat exchanger is required. Therefore, the basic components of any latent TES systems are the appropriate PCM - according to the application, a suitable heat exchange device and a container compatible with the phase changes of the PCM.
Latent heat thermal energy storage by PCMs is also an important technology for building energy conservation, solar energy utilisation and industrial heat recovery due to rise of energy cost [11,14,15,18]. As a result, lots of research has been focused on the development of latent TES systems. 
A latent TES with a heat exchanger and an array of cylindrical tubes for the passage of the PCM was firstly developed by Shamsundar and Srinivasan on 1978 [19]. In 1996, Brousseau and Lacroix introduced a multi-layer latent TES system, with vertically parallel PCM plates,  to reduce the mismatch between energy supply and demand [20]. Then, Banaszek et al. studied the behaviour of PCMs during charging and discharging periods in a spiral TES system [21], while a year later they developed a numerical model of the system and compared it to their previous experimental results [22]. Ismail and Henriquez proposed the design of a storage tank, fitted with working fluid circulation systems and spherical capsules filled with PCM, place inside the tank [23]. 
The presence of natural convection heat transfer during the storage/release of thermal energy in PCM 

Has been investigated Jamal and Baccar [24] numerically studied the heat transfer in a 

PCM-air heat exchanger system using internally and externally finned tubes. The effect of natural convection on the PCM (paraffin C18) solidification time and the influence of fins number on heat transfer rate were investigated. A high-performance PCM for medium-temperature latent heat storage applications was investigated by Zhang et al [25].  They reported that the combination of PCM (RT100) with expanded graphite (EG) shows excellent photo-thermal performance, good thermal storage/release thermal capacity and enhanced thermal conductivity. Zhang and Faghri [26]  studied the heat transfer enhancement in the latent heat thermal energy storage heat exchanger by using an internally finned tube. Khalifa et al. [27] demonstrated that by using finned heat pipes in high temperature latent heat thermal energy storage systems, the energy extracted increased by 86% and the heat pipes effectiveness increased by 24%. 

5	Heat Pipe technology 
While using PCM materials for thermal energy storage is an attractive option, the low thermal conductivity of the PCMs is an issue. This is because when charging or discharging heat to/from the PCM through the walls of the heat exchanger, a layer of the molten/solid PCM will surround the heat transfer surface inhibiting the heat transfer between the PCM and the heat transfer fluid that facilitates the delivery/removal of the thermal energy. 
In order to overcome the low conductivity issue that is discussed above, various methods have been proposed, with the attachment of fins to the heat transfer walls and the implementation of metal particles or rings or carbon fibres of high conductivity into the PCMs being the most popular [28–32]. However, a more promising solution to deliver the heat effectively to within the bulk of the PCM is the use of heat pipe technology.
Heat pipe based heat exchangers are playing a more important role in many industrial applications, especially in increasing heat recovery and energy savings in commercial applications and improving the thermal performance of heat exchangers. In terms of energy management and heat recovery, applications of the loop heat pipe have been investigated by a number of researchers. 
Heat pipes are considered to be thermal super conductors due to the high heat rates they transfer across small temperature gradients. On their simplest form heat pipes are called thermosyphons and their operation relies on gravity, whereas the heat is transferred only from the lower to the upper end of the pipe. A heat pipe which allows the bi-directional transfer of heat is called wickless. The main structure of heat pipes is an evacuated tube partially filled with a working fluid that exists in both liquid and vapour phase. The figure below represents the basic steps of operation of heat pipes. The bottom part of the heat pipe is the evaporator and the top part is the condenser. When a high temperature is applied at the evaporator section of the heat pipe, the working fluid existing in the liquid phase evaporates and flows with high velocity towards the cooler end of the pipe – the condenser. As soon as the vapour reaches the condenser section, condenses and gives up its heat. Then the liquid working fluid returns to the evaporator part of the pipe, by the influence of gravity [33]. A series of straight heat pipes joined in one structure can be considered as a heat recovery device. Its advantages are high thermal conductivity, passive and reliable operation, uniform temperature distribution, affordable cost and no need for external pumping system as in the conventional exchangers.
The potential for energy and cost saving that can be realized through the incorporation of a wraparound heat pipe heat exchanger into the apparatus of a conventional means of dehumidification was investigated by Jouhara [35]. Another investigation, introduced by Jouhara and Meskimmon [36] carried out an experimental investigation on the thermal performance of a wraparound loop heat pipe heat exchanger used in air handling units for the purpose of energy savings. The investigators examined the relationship between heat pipe effectiveness and velocity of air flow through the heat exchanger. An experimental investigation of heat exchanger utilizes finned water-charged wickless heat pipes in a modified inline configuration was carried out by Jouhara and merchant [37]. The experimental results show that significant energy savings can be achieved using air-air heat pipe based heat exchanger to transfer heat energy between two air streams at different temperatures. Jouhara et al. [38] also demonstrated that by combining the heat pipe based heat exchanger in an air conditioning system the outside air is cooled and dehumidification prior to being direct supplied to the occupied room for ventilation. 
In this paper, the use of the heat pipe technology to enhance the use of PCMs in energy storage is investigated experimentally. This is done by testing the option of combining the latent heat thermal energy storage heat exchanger with a finned and multi-legged heat pipe. The thermal resistance posed by PCM during solidification and mantling was also investigated. It is believed that the use of the PCM/Heat pipe heat exchanging systems will lead to a enhancing the efficiency and sustainability of energy stores and recovery systems [39–42].

6	Experimental apparatus and procedure
In order to carry out the investigation, an experimental apparatus was constructed that consisted of a storage tank, t a PCM and a finned, multi-legged heat pipe. The PCM used in this study was PLUSICE S89 and the heat pipe was made out of 316L stainless steel to prevent corrosion by the salt hydrate. 
A heat pipe is a two-phase heat transfer device with a high effective thermal conductivity that transfers heat through evaporating and condensing a fluid that is circulating in a sealed container. In a heat pipe, heat is added to the evaporator where a working fluid exists, changing the liquid into vapour. The vapour then flows upward and passes through the adiabatic section towards the condenser, where it condenses and gives up its latent heat that is absorbed in the evaporator.




A schematic diagram of a TES showing the components is illustrated in Fig.2. Fig.2 (1) shows the container covered with the working fluid coil and the thermocouples that fitted on the top plate in order to monitor the temperature profile. Fig.2 (2) shows the heat pipe that is used to transfer heat to the PCM and Fig.2 (3) shows the container filled with the PCM and fitted with a glass panel in order to monitor the phase change process.  







The PCM was charged (melted) by the condenser legs of the heat pipe. The heat pipe evaporator section removed the heat that was generated by the condensation of a steam flow through its evaporator side and released this heat into the PCM through its condenser sections. The heat was later discharged by allowing a water flow through the discharging stainless steel coil that is connected to the inlet and outlet ports at the chamber’s top.












The solid’s temperature is lower than the liquid’s because of the poor equilibrium within the frozen crystals and so that solidification and melting occurred over a wide temperature range. 
The annotations show the total heat going into and out of the sample between 66-110°C. The Peak Maximum, Onset and Offset indicate the temperatures when phase change occurs. There is a little peak around 73°C and 66°C that is unexpected; possibly due to impurity or a secondary/crystalline phase transition.

Fig. 4 shows a schematic diagram of the HTS rig. Fig. 5 shows the investigated TES test rig. Steam has been supplied via steam isolation valve, pressure reducing valves, temperature control valves for adjusting inlet temperature and steam flowmeter. Condensate has been trapped and drained to weight tank to measure steam flow rate. Water has been supplied from tank through circulation pump and flow has been measured by turbine flow meter. The unit has been powered by main supply and compressed air used for the actuators. All measured variables were recorded using Data Logger.
7	results and discussion
3.1. Charging (melting) process: The heat pipes have affected shape, number and propagation of multiple solid/liquid interfaces. This is because of the secondary melt fronts around the warm heat pipe legs. These legs have provided pathways for molten PCM, which has lower density than the solid, in order to flow to the top of the tank, downward propagating melting process. They also provided secondary natural convection currents.






3.2. Discharging (crystallization) process: Water pumps from the TES heat exchanger test rig have been utilised in order to ensure a stable and precise supply flow. Discharging tests were all conducted with water temperature of 24°C and a flow rate of 5.5 l/min. Tests were carried out and each discharging phase was lasting approximately 6 hours. Photographs (Fig.10: first 50 minutes) were taken during the tests. The solid PCM started to form around the heat exchanger coil surface and along the pipes.












For the discharging case, complex freezing phenomena have been observed. These phenomena and measured values can be used as a guide to develop a model that used to simulate the discharging and charging process in both laboratory and large scale systems.
The experimental results illustrate that the thermal resistance posed by the PCM was greater during the discharging stage than during the charging stage. This is explained by the fact that the freezing on cold heat transfer surfaces during the discharging stage formed an insulation barrier between the coil carrying water and the solid/liquid interface. In contrast, molten PCM that has undergoes natural convection was adjacent to the hot heat transfer surfaces during the PCM melting process, promoting heat transfer between the hot heat pipe surface and the solid/liquid interface. Therefore, a design that performs well during discharging is expected to operate satisfactorily during charging.






Fig.13. shows the temperatures variation at different location within the container during charging and discharging process for a period of 17 hours.  This was the result of a PCM with low thermal conductivity and heat transfer to and from PCM during melting and solidification process. It also shows that the condensate temperature at steady state condition was much closed to the inlet steam temperature during charging time, i.e. no significant sub cooling.

8	Conclusions
The experimental works carried out in this study show the feasibility of using the PCM as a thermal storage media. A heat pipe based thermal energy storage heat exchanger can be successfully used to recover and reuse the wasted heat. Higher efficiency could be achieved by optimising the performance of the heat exchanger and selecting PCM with higher thermal conductivity. The payback could be improved with lower PCM cost.
The experimental works and analysis of the results do not correspond to optimised conditions. Further, investigations are required to determine how the heat pipe might be incorporated better in TES heat exchanger to improve phase change rate in charging and discharging the PCM.




The proper design of the storage system must take into account proper material characteristics, available resources, desired storage rate and required energy storage capacity; the system may be only by then designed for its optimal use. It should be pointed out that the characteristics shown in Fig.11 are true for this prototype and could be different for other design of TES system with different PCM.
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Table 1: Melting point and latent heat of fusion for different PCMs [3]
PCMs





Non-Paraffins	D-Lattic Acid	26 °C	184 kJ/kg
	Caprylone	40 °C	259 kJ/kg
	Eladic Acid	47 °C	218 kJ/kg
	Acetamide	81 °C	241 kJ/kg










Figure 1: Heat pipe exchanger’s working cycle [34]















































Fig.10. PCM (discharging) solidification







Fig.11. Energy stored in PCM and Energy released from PCM during charging and discharging.

Fig. 12 Variation of PCM temperature during heating and coolin process using steam as HTF.

Fig. 13 Measured variables during charging and discharging process.












